The present study addresses the effects of oxygen exposure on the aerobic and anaerobic respiratory activity of Desulfovibrio desulfuricans strain DvO1. This strain was isolated from the highest sulfate-reduction positive most-probable-number dilution ( 10 6 ) of an activated sludge sample, which had been subjected to 120 h of continuous aeration. Washed cell suspensions of strain DvO1 were aerated at 50% atmospheric oxygen saturation in sulfide-free media for a period of 33 h in the presence or absence of an external electron donor (10 mM lactate). During the aeration periods, samples were removed at intervals for determination of anaerobic INT [2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium chloride]-reducing activity, anaerobic sulfate-reducing activity, and oxygen-reducing activity. The cell suspension aerated in the absence of lactate showed negligible endogenous oxygen reduction rates and therefore did not consume oxygen during the aeration period. In contrast, the cell suspension aerated in the presence of lactate sustained significant rates of oxygen reduction during the entire 33 h aeration period. Despite this, no explicit differences in the potential INT-, oxygen-, or sulfate-reducing activities were evident between the two cell suspensions during the aeration periods. Strain DvO1 remained viable throughout the 33 h aeration periods irrespective of the presence or absence of lactate, however, the oxygen exposure resulted in a dose-dependent reversible metabolic inactivation. Notably, lactate-dependent anaerobic sulfate-reducing activity recovered quickly upon anaerobiosis, and was more oxygen tolerant than lactate-dependent oxygen-reducing activity.
Introduction
Sulfate-reducing prokaryotes (SRP) are generally considered anaerobic microorganisms because no known SRP appear able to grow in the presence of significant amounts of oxygen. Despite the anaerobic nature of SRP, their presence and activities are not confined to permanently anoxic habitats. SRP have been detected in high numbers in the uppermost photosynthetically active layers of microbial mats [1, 2] and further SRP appear to be ubiquitously present in activated sludge from wastewater treatment plants [3] [4] [5] , in which they are subjected to regular periods of oxygen exposure. Accordingly, oxygen exposure studies of pure cultures [6, 7] and environmental samples [4] have shown certain SRP to possess a relatively high degree of oxygen tolerance, remaining viable for hours when exposed to atmospheric oxygen concentrations.
Presumably, one prerequisite for surviving in oxic environments is the ability to detoxify the two reactive oxygen species superoxide and hydrogen peroxide. In agreement with this, different enzymes for scavenging of these toxic compounds have been detected in SRP, including the disproportionating enzymes superoxide dismutase (SOD) and catalase [8] [9] [10] as well as the reductive enzymes superoxide reductase (SOR) and peroxidase [10] [11] [12] [13] . All four types of enzymes may be present within the same organism as shown for Desulfovibrio vulgaris strain Hildenborough, however, SOR was demonstrated to be the most important enzyme for surviving oxygen exposure in this organism [9] .
A second type of oxygen related adaptive mechanism discovered in some SRP is their ability to reduce oxygen to water at high rates. Little information exists regarding the overall occurrence of oxygen reduction within the polyphyletic group of SRP currently including 37 recognised genera [14] . So far, oxygen-reducing potential has been detected within the genera Desulfosporosinus, Desulfomicrobium, Desulfobacterium, Desulfococcus, Desulfobotulus, Desulfobacter, Archaeoglobus and in particular Desulfovibrio which by far is the most studied genus [6, 10, [15] [16] [17] . Of the SRP tested in these studies, all held the capacity for reducing oxygen. Oxygen reduction enables ATP formation, either by chemiosmosis (viz. respiration) [18, 19] or exclusively by substrate level phosphorylation at the expense of endogenous glycogen reserves [17] . Although not sustaining growth of pure cultures of SRP [16, [20] [21] [22] , oxygen reduction may serve to eliminate oxygen by e.g. removing pulses of oxygen from a habitat thereby enabling SRP to resume anoxic growth [21, 22] or creating anoxic microniches within cell aggregates formed in response to oxygen exposure [6, 23] .
Evidently, periodic oxygen exposure is to be considered a natural event for SRP in many environments. Consequently, detailed knowledge of the means by which this large and important group of anaerobic microorganisms behaves and survives during such events is important in understanding their ecology. One aspect hitherto neglected in oxygen exposure studies of SRP is the effects of the presence of external metabolisable substrates during the oxygen exposure. The presence of an external electron donor could permit non-glycogen accumulating SRP, like, e.g. Desulfovibrio desulfuricans [24] , to respire oxygen when challenged with oxygen exposure. However, it is unknown whether such SRP can maintain aerobic respiratory activity for prolonged periods of oxygen exposure and, if possible, how this would affect their survival. As proposed by van Niel et al. [25] based on studies of the glycogen accumulating SRP Desulfovibrio salexigens, oxygen reduction might serve as a mechanism for maintaining a high cellular energy charge during periods of oxygen stress, thereby facilitating quick recovery of anaerobic activity upon following anaerobiosis. This was in part supported by Fareleira et al. [20] , who demonstrated that cells of Desulfovibrio gigas can maintain a high NTP level during prolonged (hours) oxygen exposure due to oxygen-dependent oxidation of endogenous glycogen reserves. Additionally, electron donor availability might be important for providing reducing equivalents for SOR and peroxidases. SOR activity has previously been suggested to be compromised in cells starved during prolonged oxygen exposure due to lack of reducing power [26, 27] . Finally, D. gigas has been shown to upregulate the synthesis of specific proteins when exposed to oxygen [20] . This suggests the existence of a gene expression based oxidative stress response in some SRP, the function of which might require an available external energy source. On the other hand, upon prolonged oxygen exposure, respiring cells are probably prone to experience a higher degree of oxidative stress than metabolically inactive cells, since the respiratory chain is considered the main generator of superoxide and hydrogen peroxide in aerobic organisms [27] .
The present paper addresses the simultaneous effects of prolonged oxygen exposure, in the presence and absence of lactate, on the subsequent oxygen-reducing and anaerobic sulfate-reducing activities of a strain of D. desulfuricans.
Materials and methods

Isolation, cultivation, and 16S rRNA gene sequence analysis of strain DvO1
The sulfate-reducing strain DvO1 was isolated from the highest sulfate reduction positive MPN dilution (10 6 ) of an activated sludge sample aerated to atmospheric oxygen saturation for 121 h [4] . Enrichment and isolation were achieved in an anoxic basal medium, the latter by repeated serial dilution in an agar-solidified version of this medium. The basal medium, which was also used for the subsequent cultivation of the strain, contained (g l À1 ): NaCl, [32] . Sequences were aligned and analysed as previously reported [31] . The partial 16S rRNA gene sequence for strain DvO1 has been deposited in GenBank under the Accession No. AY756149.
Preparation of cell suspensions
Early stationary phase cultures (300 ml) were harvested by centrifugation at 8200g for 12 min at 4°C. After washing in sterile anoxic phosphate buffer (2.0 g KH 2 PO 4 l À1 , pH 7.0), the cells were resuspended in 100 ml sterile anoxic basal medium modified by not containing sulfate, yeast extract, dithionite, or lactate. All handling of the suspensions were carried out aseptically under a sterile N 2 atmosphere. Anoxic cell suspensions were stored in serum bottles closed with butyl rubber stoppers at room temperature under a headspace of N 2 /CO 2 /H 2 (89:10:1 v/v/v) for approximately 2 h until use. The hydrogen allowed the cell suspensions to respire possible trace amounts of oxygen in the medium. Before use, excess hydrogen was stripped off by flushing the cell suspensions with sterile N 2 /CO 2 (90:10 v/v).
Incubation system for aeration of cell suspensions
The incubation system used for aeration of cell suspensions consisted of a 100 ml Bluecap bottle (Pyrex) covered with aluminium foil and sealed with a rubber stopper. The stopper-sealed bottle was sterilised by autoclaving. Subsequently, a sterile Clark type oxygen electrode [33] was aseptically mounted through the rubber stopper and connected to a strip chart recorder for continuous monitoring of the oxygen tension. The oxygen electrode was sterilised by placing it in a solution of 1% propylenoxide in 96% filtered (0.2 lm) ethanol for a few minutes. Aeration and ventilation of the chamber, as well as initial culture addition and subsequent sampling, were done by disposable sterile needles inserted through the rubber stopper using aseptic techniques. Magnetic stirring ensured proper mixing of the cell suspensions.
Incubation conditions during aeration of cell suspensions
Cell suspensions were incubated at a temperature of 23°C and aerated to 40-55% atmospheric oxygen saturation with a humidified mixture of sterile (0.2 lm) atmospheric air and N 2 gas. Two different aeration experiments were carried out. One in which the cells were aerated in the presence of D D/L L (50/50)-lactate (10 mM initial concentration), and one in which the cells were aerated in the absence of an external electron donor. In the following, the two experiments will be referred to as the ''S(+)'' experiment and the ''S(À)'' experiment, respectively. In both experiments, an initial volume of 85 ml cell suspension was added to the aeration bottle, immediately after which the aeration was initiated and maintained for approximately 33 h. The cell suspensions were routinely checked for possible contamination by microscopical examination and plating on non-selective agar plates incubated aerobically at 30°C.
Reduction of INT [2-(p-iodophenyl)-3-(pnitrophenyl)-5-phenyl tetrazolium chloride]
An INT reduction assay, modified from Fukui and Takii [34] , was carried out in order to estimate the proportion of active respiring cells at different timepoints during the aeration of the cell suspensions. Samples (1.0 ml) of aerated cell suspension were transferred to Hungate culture tubes containing 4.0 ml non-reduced anoxic sulfate-free culture medium. After inoculation, the tubes were flushed with sterile filtered (0.2 lm) N 2 / CO 2 (90:10 v/v) for a few minutes while regularly shaken, to remove traces of oxygen. Next, INT was added to a final concentration of 0.02% (w/v) from an anoxic stock solution. The tubes were incubated in the dark at 30°C. Subsamples (0.5 ml) were periodically withdrawn by syringe and preserved in 1.0 ml 8% formaldehyde. The proportion of INT-formazan forming cells in a subsample was determined by phase-contrast microscopy at 1000 times magnification after appropriate dilution of the subsample. Cells containing visible intracellular INT-formazan deposits were scored as positives. For each subsample, 4-9 microscopic slides were prepared and counted. No INT-formazan deposits were observed in cell-free or pasteurised controls. Total cell counts, performed on acridine orange stained (see below) subsamples, showed no increase in cell number during any of the INT reduction assays.
Determination of oxygen reduction rates (ORR) and catalase activity
The oxygen-reducing activity of aerated cell suspensions was measured immediately upon sampling from the aeration bottle in a custom made respirometry cell with a volumetric capacity of 6 ml. The respirometry cell consisted of a modified glass culture tube with an inner diameter of 1.5 cm which could be sealed by an airtight piston -a 1.0 cm high PVC cylinder fitted with two nitrile rubber O-rings. Two holes (0.5 mm diameter) drilled in the outer circumference of the piston served as pressure outlets to prevent bubble formation upon closure of the chamber. Additionally, the holes permitted substrate additions to the respirometry cell by means of Hamilton syringes. A ground glass joint, with a lower inner diameter of 1.0 cm, was present at the base of the respirometry cell for mounting of an oxygen electrode (see above). A magnetic stirrer bar at the bottom of the chamber ensured proper mixing of cell suspensions during measurements.
The ORR of cell suspensions were determined immediately upon sampling from the aeration bottle. The rates were measured both in the presence of lactate and in the presence of lactate plus formate. In the S(À) experiment, 10 mM (final concentration) sterile anoxic D D/L L (50/50)-lactate solution was initially added to the cell suspension followed by addition of 10 mM (final concentration) sterile anoxic formate solution. In the S(+) experiment, only formate was added since lactate was already present in these samples. ORR were calculated from the initial linear decrease in oxygen concentration upon substrate addition or upon incubation in the case of lactate-dependent oxygen reduction in the S(+) experiment. All ORR were determined at an oxygen concentration ranging from 50-140 lM corresponding to 20-55% atmospheric saturation. Within this range of oxygen concentration the initial rates of lactate and formate-dependent oxygen reduction were only slightly dependent (less than 20% variation) on the oxygen concentration (data not shown).
Catalase activity was determined by adding 2.9 mM (final concentration) of sterile anoxic hydrogen peroxide to cell suspensions in the above mentioned respirometry cell as described by van Niel et al. [25] .
Determination of sulfate-reducing activity
For measurement of sulfate-reducing activity of aerated cell suspensions, samples (2.0 ml) were transferred to Hungate culture tubes containing 9.0 ml cultivation media (modified by containing only 5 mM sulfate). Immediately after inoculation, the tubes were reduced with dithionite, and 100 kBq carrier free 35 SO 2À 4 (Isotope Laboratory, Risø, Denmark) was added. Tubes were incubated at 30°C in the dark, and 0.3 ml subsamples were withdrawn anaerobically at intervals. Subsamples were preserved in a mixture of 2.0 ml of 20% (w/v) zinc acetate and 0.3 ml of 0.45 M zinc sulfide and frozen (À20°C) until analysis. The concentration of reduced sulfur species (hereafter referred to as sulfide concentration) in the subsamples were determined by single step chromium distillation according to the method of Fossing and Jørgensen [35] .
Analytical techniques
Cell counts were performed on formalin preserved samples, which were diluted and filtered onto 0.2 lm black polycarbonate filters and stained with 0.06% (w/v) acridine orange for 4 min. Subsequently excess stain was filtered off, and the filters were washed with filtered (0.2 lm) 50 mM phosphate buffer (pH 7.0). The filters were mounted in glycerol and stained cells were counted by epifluorescence microscopy (Zeiss Axiovert 100, Jena, Germany) using a Zeiss filter set No. 10. Cell counts were determined in replicate for each sample and four randomly chosen microscopic fields were counted per replicate filter.
Protein concentrations were measured (two replicate determinations per sample) by the method of Goa [36] . Traces of sulfide were removed from samples prior to the protein measurements by sparkling the samples with CO 2 . The sulfate concentration in the medium used for the determination of sulfate-reducing activity was measured by suppressed ion chromatography [37] . Acetate was measured by HPLC (Sykam, Gilching, Germany) using an AminexÒ HPX-87 ion exclusion column (300 · 7.8 mm) heated to 60°C and RI detection. H 2 SO 4 (5 mM) was used as eluent at a flow rate of 0.9 ml min À1 .
Sampling during the aeration experiments
During the aeration period of the S(À) and the S(+) experiment, respectively, samples were withdrawn after 0, 2.25, 5.5, 13.5, 22 and 33 h and 0, 1.5, 4.5, 10.5, 18.5, 24.5 and 32.5 h for contamination checks and for the determination of: cell density, protein concentration, INT reduction, ORR, catalase activity (only determined in the S(À) experiment), acetate concentration and sulfate-reducing activity.
Results and discussion
Phylogenetic classification of strain DvO1
Strain DvO1 is a sulfate-reducing, straight to curved Gram-negative bacterial rod. Phylogenetic analysis of a partial nucleic acid sequence of the 16S rRNA gene (719 unambiguously aligned nucleotides) affiliated strain DvO1 to D. desulfuricans with more than 99.5% sequence similarity to the 16S rRNA gene sequences of the D. desulfuricans strains ATCC 27774 (DSM 6949), Essex 6 (ATCC 29577, DSM 642) and CSN (DSM 9104).
Effect of oxygen exposure on cell growth
The cell density, as determined by acridine orange counts, and the protein content of the cell suspensions, remained constant during the aeration periods. In the S(À) experiment, the average cell density (±standard deviation) of the six samplings during the aeration per-iod was 8.14 · 10 8 ± 6.5 · 10 7 cells ml À1 and the average protein concentration (±standard deviation) was 0.124 ± 0.005 mg ml À1 . The corresponding values of the S(+) experiment were 7.88 · 10 8 ± 2.0 · 10 8 cells ml
À1
and 0.123 ± 0.006 mg protein ml À1 . These data strongly suggest that strain DvO1 did not grow during aeration, which is in agreement with results from other studies demonstrating that pure cultures of SRP do not divide in the presence of oxygen concentrations exceeding a few lM (see Section 1). However, it is noteworthy, that the lack of growth was not caused by a irreversible cessation of metabolic activity.
Effect of oxygen exposure on INT-reduction
As previously demonstrated, INT-reducing activity can be used as a measure of the potential respiratory activity of both aerobic and anaerobic bacterial cells, there among cells of D. desulfuricans [34, 38] . In the INT reduction assays of both the S(+) and S(À) experiment the percentage of INT-formazan accumulating (i.e. INT-positive) cells increased in a biphasic mode during anoxic incubation showing an initial linear increase (lasting from 3 to 6 h depending on oxygen exposure time) followed by a less steep increase. The slope of the initial linear phase decreased as a function of aeration time, whereas the slope of the second phase remained rather constant (data not shown). The percentage of INT-positive cells after 2 h of anoxic incubation (calculated from the slope of the initial increase) was chosen to represent the initial proportion of INTpositive cells in the INT assays (Fig. 1) . The choice of a 2 h incubation period (2 h assay) allowed for INT-formazan to accumulate to levels detectable by direct microscopy. As shown in Fig. 1 , the percentage of INT-positive cells in the 2 h assay decreased progressively from 30-40% in the unaerated samples to approximately 10% in the samples taken at the end of the aeration periods of both experiments. Also the percentage of INT-positive cells after 24 h of incubation (24 h assay) were similar in the two experiments decreasing from approximately 80% to 50% during the aeration period (Fig. 1) . This indicates that the presence or absence of lactate during aeration did not influence the subsequent anaerobic activity of strain DvO1. During the aeration period of both experiments a proportional greater decline in the percentage of INT-positive cells occurred in the 2 h assays as compared to the 24 h assays. This suggests that the cells in both experiments were metabolically inactivated during the aeration period, thus requiring a lag phase before becoming detectable as INT-positive. The observed inactivation could be a result of oxidative injury of cellular components [39] or a result of down-regulation of metabolic activity, which is a common stress response in many bacteria [40, 41] .
The number of INT-positive cells in the unaerated samples of the two experiments increased from 30-40% in the 2 h assays to approximately 80% in the 24 h assays (Fig. 1) . Apparently not all cells initiated INT reduction simultaneously or alternatively the cells initially started to reduce INT at highly different rates. Such variance in the INT reduction kinetics between cells of an unaerated sample could arise from injury during the preparation of the cell suspensions or differences in the physiological state of cells upon harvest. Presumably, the INT reduction and accumulation kinetics are complicated and cannot be resolved by the present data. The number of INT-positive cells in the 2 h assay of the unaerated sample of the S(+) experiment was 27% lower than the corresponding number in the S(À) experiment (Fig. 1) . This difference in initial activity between the two unaerated samples was likewise reflected in the initial rates of sulfate reduction as well as the lactate-and the formate-dependent ORR, since these rates of the S(+) experiment were 20%, 40% and 23% lower, respectively, than the corresponding rates of the S(À) experiment ( Fig. 2 and Table 2 ).
Fukui and Takii [34] have previously shown INT reduction to be correlated with viability in D. desulfuricans, even though the proportion of INT-reducing cells generally was higher than the proportion of cultivable ones. Other studies have confirmed a similar positive correlation between tetrazolium salt reduction activity and viability of bacteria, e.g. [42] . It is, therefore, assumed that the percentage of INT-positive cells in the 24 h assays more closely reflects the percentage of viable cells. Thus Fig. 1 suggests 50% of the cells of strain DvO1 to remain viable for more than 30 h of aeration. This high survival ratio is in accordance with oxygen exposure studies using other strains of D. desulfuricans. For example D. desulfuricans strain ATCC 27774 was shown to endure up to 6 days of oxygen stress at atmospheric oxygen saturation in a mineral medium and 2 days in filtered drinking water before the viable count decreased below detection limit [7] . A total loss of viability of D. desulfuricans strain Essex 6 was observed within two days of incubation in the presence of hydrogen at 10% atmospheric oxygen saturation [21] . Cells of D. desulfuricans strain CSN survived for less than 40 h in lactate containing liquid medium exposed to 25% atmospheric oxygen saturation [6] . Although the different experimental conditions used complicate comparisons of the results, it is notable that the longest survival time was observed for a strain exposed to oxygen in the absence of an external electron donor. Such a difference was not observed in the present study (Fig. 1) where the oxygen exposure, however, did not exceed 33 h. In addition strain specific differences in the oxygen tolerance of D. desulfuricans could exist.
Effect of oxygen exposure on oxygen reduction
Initial experiments with strain DvO1 showed a molar stoichiometry of 1:1 of lactate to oxygen consumption. Furthermore, acetate-dependent oxygen reduction was never observed. This indicates that lactate was incompletely oxidised to acetate and CO 2 , while oxygen was reduced to water (
. Formate was oxidised completely to CO 2 and H 2 O, with a molar ratio of oxygen to formate consumption of 1:2 (2CHO
In the S(À) experiment oxygen reduction was not detectable in the respirometry cell prior to the addition of lactate in any of the samples demonstrating an absence of significant oxygen reduction coupled to the oxidation of endogenous carbon reserves. However, upon lactate addition, oxygen reduction started immediately. In the S(+) experiment, oxygen reduction was instantly observed when samples were transferred to the respirometry cell. When formate was added to samples in the respirometry cell oxygen reduction was instantaneously accelerated in both the S(À) and the S(+) experiment. The measured ORR of the unaerated samples of strain DvO1 (Fig. 2 ) are in accordance with previously reported values of lactate-and formate-dependent ORR of other Desulfovibrio strains [6, 15, 43] .
The overall effects of oxygen exposure on the lactateand the formate-dependent ORR were similar in the S(+) and the S(À) experiment showing high initial rates which progressively decreased with time of aeration (Fig. 2) . As indicated by the INT reduction assays, the decrease in ORR most likely is due to metabolic inactivation of an increasing proportion of cells during the aeration periods. In the S(À) experiment, the formatedependent ORR was more resistant to oxygen exposure than the lactate-dependent ORR (Fig. 2) . The same trend could be seen only during the first 4.5 h of aeration in the S(+) experiment (Fig. 2) . In Desulfovibrio species, the oxidation of formate to CO 2 is known to take place in the periplasm [44] , whereas lactate is known to be oxidised to acetate and CO 2 in the cytoplasm [44] . The observed difference in the oxygen tolerance of lactate-and formate-dependent oxygen reduction could be explained by the distinct cellular location and/or differences in the oxygen sensitivity of the key enzymes involved in the oxidation of formate and lactate. As a case in point, an air-stable formate dehydrogenase and an air-labile lactate dehydrogenase have previously been isolated from D. desulfuricans, yet, neither of the enzymes were catalytically active in vitro in the presence of oxygen [45, 46] .
A continuous accumulation of acetate was measured during the 32.5 h aeration period of the S(+) experiment ( Table 1 ), indicating that lactate was metabolised, via oxygen reduction, throughout this experiment. However, the amount of acetate accumulated at the end of the 32.5 h aeration period was 2.5-fold lower than expected from the calculated cumulative oxygen consumption during the same period (Table 1) . One explanation for this discrepancy could be air-stripping of acetate from the aeration chamber. Also, it should be emphasised that integration of the seven ORR values (Fig.  2B ) can only provide a rough estimate of the total oxygen consumption during the 32.5 h aeration period. Acetate did not accumulate to measurable amounts during the aeration period of the S(À) experiment (data not shown).
The measured lactate-and formate-dependent ORR decreased by approximately 80% during the aeration period of the two experiments (Fig. 2) . This is in clear contrast to the findings of van Niel et al. [16] who observed a > 95% decrease in the lactate-dependent ORR within only one hour in D. desulfuricans strain ATCC 27774. The reason for this discrepancy is currently unknown.
Effect of oxygen exposure on catalase activity
The catalase activity of the cell suspension in the S(À) experiment decreased progressively from an initial value of 81.2 nmol O 2 produced mg À1 protein min À1 to a final value of 20.8 during the 33 h aeration period. Oxygen was consistently produced immediately following the addition of hydrogen peroxide and its rate of production always peaked within the first 30 s of reaction. In strain DvO1, no induction of the catalase activity was evident during the aeration period when catalase activities were normalised with respect to the percentage of INT-positive cells in the same samples (2 h assay values, Fig. 1 ). In D. gigas, the expression of catalase is up-regulated in response to oxidative stress [20] , whereas, this is obviously not the case for strain DvO1. Catalase is not ubiquitously distributed among strains of D. desulfuricans [16] and this could signify a minor importance of catalase for survival of SRP during oxidative stress.
Effect of oxygen exposure on sulfate-reducing activity
The sulfide production curves from samples of the S(+) and the S(À) experiment all adopted a biphasic pattern with an instant apparent linear increase in sulfide concentration (lasting approximately 1 h) followed by an exponential increase (Fig. 3) . In most samples the sulfide concentration eventually ended up increasing roughly linearly as the incubation progressed (Fig. 3) . From the initial linear increase in sulfide concentration very similar sulfate reduction rates (SRR) of 8.2 and 9.9 fmol SO 2À 4 cell À1 day À1 , respectively, can be calculated for the unaerated samples of the S(+) and the S(À) experiment, respectively (Table 2) . These values are comparable to cell specific SRR of other mesophilic Desulfovibrio species [47] . The initial SRR decreased progressively as a function of aeration time in both the S(+) and the S(À) experiment (Fig. 3, Table 2 ), most likely as a result of the above-mentioned metabolic inactivation of the cells during aeration. In all samples, sulfide started to accumulate immediately upon anoxic incubation (Fig. 3) . Instant recovery of sulfate reduction after exposure of pure cultures of D. desulfuricans to oxygen has previously been demonstrated [21] , however only after short-term (minutes) exposure. Reactivation kinetics of sulfate reduction after oxygen exposure similar to that observed with strain DvO1 were recently reported for whole communities of SRP in activated sludge [3, 4] .
The exponential rate constants of the sulfide production curves of the S(+) and S(À) experiment appeared to No acetate accumulation was detected in the absence of lactate. a Measured by HPLC. b Calculated by integrating the oxygen reduction rates determined in the cell suspension at corresponding time points (see Fig. 2 ) and assuming a molar 1:1 stoichiometry of oxygen consumption to acetate production.
be independent of the duration of the preceding aeration period (Fig. 3 and Table 2 ). Thus doubling times ranging from 1.3 to 2.3 h were calculated by exponential fits of the sulfide production curves shown in Fig. 3 using data of the first 5-10 h of the exponential phases. These doubling times are markedly lower than doubling times (3.0-3.5 h) obtained from typical growth curves (sulfide production or cell growth (OD 600 )) of strain DvO1 under similar conditions. It is likely that the exponential increase of the sulfide production curves (Fig. 3) is not exclusively due to growth. Rather, reactivation of cells could contribute to the exponential increase in sulfide production as well. It should be mentioned that the exponential phase only constituted a part of the sulfide production curves depicted in Fig. 3 , which potentially could bias the estimations of the doubling time.
The data in Figs. 1-3 and Table 2 suggest the mechanisms of lactate-dependent INT and sulfate reduction to be more oxygen tolerant than the mechanism of lactate-dependent oxygen reduction. This becomes evident by normalising all the measured numbers of INT-positive cells (2 h assay), and all the sulfate and oxygen reduction rates to the values and rates of the respective unaerated samples using the assumption that cell specific activities were constant throughout the aeration periods. The exact nature of the respiratory chain involved in sulfate reduction with lactate as electron donor is currently incompletely resolved, and even less is known about the identity of the electron transfer pathways mediating lactate coupled oxygen reduction in SRP. The difference in oxygen tolerance of the two processes indicates that at least some different components must be involved. INT can accept electrons from a variety of electron transfer components [38] and it is, therefore, not surprising that INT reduction proved as oxygen tolerant as the most oxygen tolerant of the ''true'' respiratory processes investigated.
Effect of substrate availability during oxygen exposure
In contrast to the S(+) experiment oxygen reduction was not detected prior to lactate addition in any of the samples of the S(À) experiment, and acetate did not accumulate to detectable levels during the aeration period of the latter experiment. Hence, the active fraction of cells in the S(+) experiment maintained a significantly higher respiratory activity during the time course of aeration than the active fraction of cells of the S(À) experiment. The rate of superoxide and hydrogen peroxide formation in SRP during exposure to oxygen has not been reported but in all likelihood depend on the respiratory activity of the cells, as has been demonstrated for aerobic organisms [27] . If this assumption is correct the active cells of the S(+) experiment probably experienced a higher superoxide and hydrogen peroxide flux during the aeration period than the cells of the S(À) experiment. In spite of this, no pronounced differences in the survival or respiratory activity of the aerated cells suspensions were observed between the S(+) and the S(À) experiment (Figs. 1-3 and Table 2 ). Thus strain DvO1 must have been able to scavenge the higher flux of reactive oxygen species produced during the S(+) experiment. The maintenance of oxygen reduction and the concomitant ATP production during oxygen exposure has been proposed as a mechanism for some SRP to survive and rapidly resume anaerobic activities upon subsequent oxygen depletion [17, 25, 48] . Such a mechanism does not seem to apply for strain DvO1 since the presence of non-limiting concentrations of lactate during oxygen exposure did not affect the survival or the aerobic and anaerobic respiratory activities of the strain. This shows that oxidative stress apparently was more important than starvation in determining the residual (respiratory) activity of strain DvO1. In strain DvO1, oxygen reduction might rather serve the purpose of scavenging oxygen to re-establish anoxic conditions as suggested for other SRP [22, 43] . The latter function of oxygen reduction was not addressed in the present study, however the finding that strain DvO1 can maintain oxygen reduction for prolonged periods seems important in this respect. It should be noted that the oxygen doses applied to cell suspensions of strain DvO1 in the present study most likely are much higher than those normally experienced by SRP in many ecosystems where they are living in multi-consortia or in chemically stratified environments which may protect them from intensive oxygen exposure.
Conclusions
The present study demonstrated that oxidative stress was not relieved nor accentuated by the presence of surplus external electron donor during long-term aeration of D. desulfuricans strain DvO1. This strain was isolated from the highest SRP-positive MPN-dilution (10 6 ) of an activated sludge sample, which had been subjected to 120 h of constant aeration at air saturation. This suggests that strain DvO1 was among the quantitative dominant oxygen tolerant members of the SRP community in the activated sludge, which in turn is in agreement with the high oxygen tolerance of the strain demonstrated in the present study. The observed oxygen tolerance of strain DvO1 furthermore strongly indicate that the viability and activity of the strain will not be significantly impeded by the oxygen exposure experienced during normal operation of activated sludge systems.
